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Chronic mild stress (CIVIS) protocols are widely used to create animal models of 
depression. Despite this, the inconsistencies in the reported effects may be indicative 
of crucial differences in methodology. Here, we considered the time of the diurnal cycle 
in which stressors are applied as a possible relevant temporal variable underlying the 
association between stress and behavior. Most laboratories test behavior during the 
light phase of the diurnal cycle, which corresponds to the animal's resting period. Here, 
rats stressed either in their resting (light phase) or active (dark phase) periods were 
behaviorally characterized in the light phase. When exposure to CMS occurred during 
the light phase of the day cycle, rats displayed signs of depressive and anxiety-related 
behaviors. This phenotype was not observed when CMS was applied during the dark 
(active) period. Interestingly, although no differences in spatial and reference memory 
were detected (Morris water maze) in animals in either stress period, those stressed in 
the light phase showed marked impairments in the probe test. These animals also showed 
significant dendritic atrophy in the hippocampal dentate granule neurons, with a decrease 
in the number of spines. Taken together, the observations reported demonstrate that the 
time in which stress is applied has differential effects on behavioral and neurostructural 
phenotypes. 
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INTRODUCTION 

Stressful life events predispose individuals to a number of neu- 
ropsychiatric disorders, especially depression. Depression is a 
devastating disease with a high rate of relapse for which there are 
stUl no effective treatments for more than 30% of the patients, 
despite decades of research (Kendler et al, 2001; Elizalde et al., 
2010; Bartlang et al, 2012). The effects of stress depend on an 
interaction of multiple factors such as the quality (e.g., physical 
vs. psychological), intensity and chronicity of the applied stressor. 
Accordingly, the outcome of any particular stress paradigm can be 
potentially altered by very subtle procedural differences (Patchev 
and Patchev, 2006). 

Chronic mild stress (CMS) is widely used to induce symp- 
toms of depression in animals (Willner et al., 1992; Willner, 
2005). Nonetheless, differences in the CMS protocol used by 
different researchers, resulting in a possible inadequacy or inap- 
propriate use of the model, can likely be a contributor to the 
relatively poor rate of success in developing effective antidepres- 
sants. In agreement, the literature contains conflicting reports on 
the effects of CMS in terms of anhedonia, a key sign of depres- 
sion (D'Aquila et al, 1994; Konkle et al, 2003; GronH et al, 2005; 
Bessa et al., 2009a,b), and anxiety-like behaviors (D'Aquila et al., 
1994; Gouirand and Matuszewich, 2005). These discrepancies are 
likely to result from methodological differences between different 
laboratories. An important variable that is usually not carefully 



described concerns the diurnal phase when CMS is applied. This 
is important because laboratory rodents are nocturnal and the 
salience of environmental stimuli, as well as the perception and 
response to such, may be a function of their periods of activity. In 
fact, when studying the effects of chronic restraint stress, Rybkin 
et al. (1997) and Perez-Cruz et al. (2009) concluded that the diur- 
nal phase has an important impact on the observed behavioral 
phenotype. To the best of our knowledge, no study has been 
designed to specifically assess the effect of the diurnal phase in 
which stress is applied in the CMS model, which we address here. 

MATERIALS AND METHODS 
ANIMALS 

A total of 48 male Wistar rats (Charles-River Laboratories, 
Barcelona, Spain), 3 months old, were used in accordance with 
European Union regulations (Directive 86/609/EEC) and the 
National Institutes of Health guidelines on animal care and exper- 
imentation. Rats were housed (2 per cage) under standard labo- 
ratory conditions (room temperature 22°C; humidity 55%; food 
and water ad libitum) . Amm&h were exposed to normal light cycle 
(lights on for 12 h starting at 08:00) or inverted light cycle (lights 
on for 12 h starting at 20:00). The normal light cycle was auto- 
matically controlled. The inverted cycle condition was attained 
by covering the animals' cage with black polypropylene (light- 
proof boxes; 48 x 30 x 46 cm) during the facility's light phase. 
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The boxes were designed to assure proper ventilation and tem- 
perature maintenance similar to the standard laboratory cages. 
Animals in the inverted cycle condition were kept outside the 
black boxes in a separate room with lights on during the facilities' 
dark phase, and kept in inverted light condition 2 weeks before the 
start of the experimental procedures. Each group (normal light 
cycle vs. inverted light cycle) was further subdivided into 2 sub- 
groups: control (not being disturbed besides handling) and CMS 
(exposed to a chronic mild stress protocol). 

Animals were weighed once a week. Control rats were handled 
frequently during the experimental period and all groups were 
also handled for 5 min per day on the week before the start of 
the behavioral testing. Behavioral testing was performed 1 h after 
the start of the light phase of the diurnal cycle (animals resting 
period). 

To avoid potentially confounding effects of different tests, 
these followed a specific order according to the sensitivity of each 
of them. As such, the following order was applied: elevated plus 
maze (EPM), open field (OF), forced swimming test (FST) and 
Morris water maze (MWM). Figure 1 depicts the scheme of the 
experimental approach and the order of the behavioral tests. 

CHRONIC MILD STRESS (CMS) 

The CMS protocol used was a slightly modified version of an 
unpredictable CMS protocol (Willner, 2005). Over a period of 6 
weeks, it included a battery of chronic unpredictable mild stres- 
sors, namely: confinement to a restricted space for 2 h, placement 
in a tilted cage (30°) for 4h, housing on damp bedding for 8h, 
12 h food deprivation followed by exposure to inaccessible food 
for 1 h, water deprivation for 12 h followed by exposure to an 
empty bottle for 1 h. The CMS was induced either in the light 
phase of the diurnal cycle (CMS-Light) or in the dark phase of 
the diurnal cycle (CMS-Dark). 

SUCROSE PREFERENCE TEST (SPT) 

The SPT was performed in 3 time points throughout the CMS 
protocol: baseline (before the start of the CMS), in the middle (at 
the end of third week of the CMS) and at the end (at the end of last 
week of the CMS). After a 22 h food and water deprivation, ani- 
mals were presented with two pre-weighed bottles containing 2% 
sucrose solution or tap water for 1 h. Sucrose preference was cal- 
culated according to the formula: sucrose preference = [sucrose 



intake/(sucrose intake -|- water intake)]* 100. Anhedonia was 
defined as a reduction in sucrose solution consumption relative 
to baseline levels (Bekris et al., 2005). 

FORCED SWIMMING TEST (FST) 

Learned helplessness, another dimension of depressive-like 
behavior, was evaluated with FST. Briefly, 24 h after a pre-test ses- 
sion (8 min), rats were placed in cylinders filled with water (25°C) 
to a depth such that the animals had no solid support. The actual 
test lasted for 5 min and was assessed using a camera. Learned 
helplessness behavior was defined as an increase in the time of 
immobility (defined as time spent either immobile or in move- 
ments to stay afloat) (Porsolt et al., 1978). An investigator blind 
to the experimental details scored the video recordings. 

ELEVATED PLUS MAZE (EPM) 

The EPM was used to test anxiety-like behaviors. The EPM appa- 
ratus was made of a black polypropylene plus shaped platform 
(ENV- 560; Med Associates Inc, St Albans, VT, USA), which was 
elevated 72.4 cm above the floor and consisted of two opposite 
open (50.8 x 10.2 cm) and closed arms (50.8 x 10.2 x 40.6 cm). 
Rats were placed individually in the center of the maze and their 
ambulation was monitored online with an infrared photobeam 
system over a period of 5 min (MedPCIV, Med Associates Inc.). 
The ratio of the time spent in the open versus closed arms was 
used as an index of anxiety-like behavior. 

OPEN FIELD (OF) 

Locomotor and exploratory behaviors were investigated using the 
OF test. Briefly, rats were placed in the center of a brightly illumi- 
nated arena (Med Associates Inc.) and were allowed to explore it 
for 5 min. Exploration and the time and distances in the central 
and pre-defined peripheral areas were recorded online by two 16- 
beam infrared arrays. Total distances traveled were calculated as 
indicators of locomotor activity. 

MORRIS WATER MAZE (MWM) 

An evaluation of cognitive function was performed in spatial 
working and reference memory tasks and in a reverse learn- 
ing task in the MWM, as described previously (Cerqueira et al, 
2007a). The MWM test was conducted in a circular black tank 
(170 cm diameter; depth: 50 cm) filled with water (23°C, around 
30 cm depth) and placed in a dimly lit room with extrinsic visual 
clues. The tank was divided into imaginary quadrants and a hid- 
den platform (12 cm diameter, submerged 2 cm below the surface 
of the water) was placed in the center of one of them. Data were 
collected using a video-tracking system (Viewpoint, Champagne 
au Mont d'Or, France). The spatial working memory test (Morris, 
1984) was assessed in 4 consecutive days (4 trials per day, max- 
imum of 2 min per trial). Test sessions begun with rats being 
placed in the tank, facing the wall of the maze, at a different 
starting point (in one of the imaginary quadrants in each ses- 
sion) and finished once the platform was found or if 2 min had 
elapsed (thereafter the animal was gently guided to the platform). 
On each trial day, the position of the platform was kept constant, 
but it was varied on each successive day such that all four quad- 
rants were used. The distance traveled and the time spent to reach 
the platform (escape latency) was evaluated. 
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FIGURE 1 I Experimental timeline. Rats were housed in different light 
phases and the CMS protocol was applied to both CMS groups at the same 
time. Behavioral tests were performed, in the order shown (third column), 
immediately after the CMS protocol (6 weeks), during the daily period of 
the light-dark cycle. SPT sucrose preference test (at 3 time points); EPM, 
elevated plus maze; OF; open field; FST, forced swimming test; MWM, 
Morris water maze. Morphological and blood hormone analysis were 
performed after the sacrifice. 
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After assessing working memory, animals were tested for spa- 
tial reference memory. For this, the platform remained in the 
same quadrant to ensure that the animals correctly learned the 
position of the platform before assessment of reversal learning 
(further confirmed in the probe test). All of the remaining proce- 
dures were similar to the ones described for the working memory 
task. For the reverse learning task, after the animals learned the 
position of the platform, the escape platform was positioned 
in a new (opposite) quadrant and rats were tested in a 4-trial 
paradigm, as described above. For this task, distance and time 
spent swimming in each quadrant were recorded. The difference 
between distances traveled in the quadrant containing the newly 
positioned platform ("new") and the quadrant that previously 
contained the platform ("old") was calculated as a measure of 
reversal performance. In the water maze paradigm, the daily trial- 
to-trial progression of the distance swum to reach the platform 
was averaged for the different platform locations, whereas in the 
reference memory, day-to-day progression was averaged across 
the 4 daily trials for the same platform location. 

CORTICOSTERONE DETERMINATIONS 

Blood samples, from each rat, were collected every 6h during 
24 h, by lancing the tip of the rats' tail and collecting blood drops 
into a microtube. Serum was obtained and stored at — 80°C for 
later analysis. Serum corticosterone levels were determined by 
radioimmunoassay (MP Biochemicals, Costa Mesa, CA). 

MORPHOLOGICAL ANALYSIS 

Rats were perfused transcardially with 0.9% saline under deep 
anesthesia and the brains processed according to the proto- 
col described by Gibb and Kolb (1998) for the Golgi analysis. 
Briefly, brains were immersed in Golgi-Cox solution (1:1 solu- 
tion of 5% potassium dichromate and 5% mercuric chloride 
diluted 4:10 with 5% potassium chromate) (Glaser and Van der 
Loos, 1981) immediately after perfusion and remained for 20 d. 
Brains were subsequently transferred to a 30% sucrose solution 
(3 d), before being cut by vibratome. Coronal sections (200 [im 
thick) were collected in 6% sucrose and blotted dry onto cleaned, 
gelatin-coated microscope slides. They were subsequently alkalin- 
ized in 18.7% ammonia, developed in Dektol (Kodak, Rochester, 
NY, USA), fixed in Kodak Rapid Fix, dehydrated through a 
graded series of ethanol, cleared in xylene, mounted and cover 
slipped. 

For the dendritic analysis of hippocampal dentate granule 
cells, neurons were chosen based on the following criteria: (1) 
cells being isolated from surrounding neurons, (2) fuU impreg- 
nation of the neurons, (3) cells location in the dentate gyrus 
region of the hippocampus (DG), and (4) no morphological 
changes attributable to incomplete dendritic impregnation of 
Golgi-Cox staining. For each selected neuron, all branches of 
the dendritic tree were reconstructed and the spine shape and 
numbers were determined at x 100 magnification using a motor- 
ized microscope (Axioplan 2, Carl Zeiss, Germany), attached to 
a camera (DXC-390, Sony Corporation, Tokyo, Japan), and the 
Neurolucida software (MicroBrightField Bioscience, Magdeburg, 
Germany). In order to minimize selection bias, slices contain- 
ing the region of interest were randomly searched and the first 



10 neurons fulfilling the above criteria were selected from each 
brain (Cerqueira et al., 2007b). The number of different dendritic 
spines was estimated by counting different spine shapes, namely 
thin, thick, ramified, and mushroom, in segments of the dendrites 
of dentate granule cells. After establishing the density of spines 
per category, their total number was calculated for each neuron 
[(number of spines/dendritic length)*total dendritic length]. 

STATISTICAL ANALYSIS 

Homogeneity of the data was assessed before statistical analy- 
sis was performed. For the data on body weight changes, spatial 
reference and working memory in MWM, and ShoU analysis of 
dendrites in the DG, repeated measures ANOVA was used; differ- 
ent time points in corticosterone analysis were evaluated by f-test. 
One-Way ANOVA analysis was performed for EPM, OF, FST, SPT, 
reverse learning and probe task in the MWM, dendrite length and 
spine numbers of DG neurons; Bonferroniposf- /joc analyses were 
used for comparing differences between the experimental groups. 
Results are expressed as means ± s.e.m. and statistical signifi- 
cance was accepted for P < 0.05. Behavioral and morphological 
analyses were done in two independent sets of animals. Since no 
statistical differences were found between these two groups (data 
not shown), the two sets of animals were grouped; therefore, fig- 
ures and statistical analysis result from the combination of both 
sets of animals. 

RESULTS 

Comparison of the two control groups (normal and inverted 
light) did not reveal significant differences (Table 1). Therefore, 
with exception for the analysis of CORT determinations, the sub- 
sequent statistical analyses were performed by merging control 
data in a single group (CON), for clarity of comparison. 

All groups of animals showed gains in body weight over the 
course of the experiment (Figure 2). A significant difference in 
body weight gain was observed between groups [_F(2, 45) = 4.99, 
P = 0.01 1] . Animals who were exposed to CMS in the light phase 
of the diurnal cycle (CMS-Light) gained remarkably less weight 
than the CON group during the stress exposure period (P = 
0.015). Interestingly, this difference was not observed in animals 
exposed to stressors in their dark phase of the diurnal cycle (CMS- 
Dark) (P = 0.98); consequently, the CMS-Light and CMS-dark 
groups also showed significant differences {P = 0.042). 

Anhedonia was evaluated by the sucrose preference changes 
relative to individual's baseline preference. The pattern indi- 
cated a reduction in sucrose solution consumption after expo- 
sure to CMS [f(2, 44) = 4.50, P = 0.017]. However, this decrease 
was only significant in the CMS-Light animals when compared 
to CON (CMS-Light/CON: P = 0.014; CMS-Dark/CON: P = 
0.358; CMS-Light/CMS-Dark: 0.606) (Figure 3A). In accordance, 
immobility time in the FST was remarkably increased in the 
CMS-Light group [f (2, 45) = 4.49, P = 0.017; CMS-Light: P = 
0.018 when compared to CON] indicating the development 
of depressive-like behavior. Such phenotype, however, was not 
observed in CMS-Dark animals (CMS-Dark/CON = 0.99; CMS- 
Dark/CMS-Light; 0.089) (Figure 3B). 

Anxiety assessment in the EPM test indicated a CMS effect on 
the time spent in open arms in different groups [_F(2, 44) = 3.30, 
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Table 1 | Statistical analysis of two control (normal and inverted light) 
groups together. 



Measurement 

Nornnalized body weight changes 
Sucrose preference test 
(% sucrose preference) 

Elevated plus maze 

(% time spent in open arm) 

Open field 

(% distance in center) 

Open field 

(% total distance) 

Forced swim test Immobility time 
Morris water maze (MWM) 
(Spatial memory) 
MWM (Reference memory) 
MWM — reversal memory task 
(Distance traveled in new quadrant) 

MWM — reversal memory task 
(Distance traveled in old quadrant) 

MWM— probe test 
(Distance traveled in target 
quadrant) 

Total dendritic length (DG) 
Shell analysis (DG) 
Total number of thin-type 
spine (DG) 

Total number of mushroom-type 
spine (DG) 

Total number of thick-type 
spine (DG) 

Total number of ramified-type 
spine (DG) 

Total number of spines (DG) 



Statistical analysis 

ANOVArm, 18) = 0.07, P = 0.80 
ANOVArm, 17, = 0.18, P = 0.68 

f(14.84) =-1.2, P = 0.25 

f(i2.32) = -0.32, P = 0.75 

f(l0.3) = -0.51, P = 0.62 

f(10.58) = -1.72, P= 0.11 
ANOVArm, 18) = 3.82, P = 0.07 

ANOVArm, F(i, 18) = 3.96, P = 0.06 
t(B.8) = 0.6, P = 0.56 

f(7 4) = -0.29, P = 0.78 
f(i.7) = 15.6, P = 0.11 

t(i6.5) =-1.04, P = 0.312 
ANOVAem, 20) = 0.57, P = 0.46 
f(ll) = -0.62, P= 0.547 

f(5.66) = -1 .283, P = 0.25 

f(7 64) = 0.894, P = 0.398 

f(ii) = -0.29, P = 0.777 

t(il) = -0.05, P= 0.961 



Repeated measurements and t-test analysis indicate that there are no significant 
differences between the two control groups in any of the measurements. 

P= 0.046]. Nevertheless, only the CMS-Light group spent 
significantly less time in the open arms compared to CON 
animals (P = 0.043). The CMS-Dark rats did not differ in 
this parameter from CON (p = 0.99) or CMS-Light (p = 0.36) 
(Figure 3C). In the OF test, no differences were observed between 
group in distance traveled in the center of the arena [P(2, 40) = 
1.07, P = 0.353] (Figure 3D) and in total distances traveled 

(2.39) = 2.77, P = 0.075] (Figure 3E). The former parameter is 
a measure of anxiety-like behavior, whereas the latter is an index 
of locomotor behavior. 

The learning curve in spatial working (Figure 4A) and ref- 
erence (Figure 4B) memory tasks in the MWM did not show 
differences between groups [P(2, 45) = 1.26, P = 0.294; F(2, 43) = 
1.11, P = 0.338 respectively]. Similarly, no differences were 
observed in the reversal learning task performance (a test 
for behavioral flexibility measurement) [distance swum in the 
"new" quadrant: P(2, 44) = 2.04, P = 0.142; distance swum in 
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FIGURE 2 I Body weight gain during the CMS protocol. Controls, 
n= 20, each CMS group, n = 14; *'*P < 0.05. "••**P < 0.01. Data 
presented as mean ± s.e.m. * indicates a significant difference between 
the CMS-Light and the CON group and * show a significant difference 
between the CMS-Light and CMS-Dark. There were no significant 
differences between the CMS-Dark and the CON group. 



the "old" quadrant: P(2, 43) = 1.82, P = 0.175] (Figure 4C). The 
significant difference in the analysis of the probe test was due to 
considerably decrease in the distance swum in the target quadrant 
in CMS-Light animals [P(2, 41) = 8.23, P = 0.001; P = 0.043] 
when compared to the CON group; this difference was also 
observed between CMS-Light and the CMS-Dark groups (P = 
0.001). The CMS-Dark group however, did not differ from the 
CON group (P = 0.246) (Figure 4D). 

Indicating for different stress effects regarding different phases 
of the diurnal cycle, only the CMS-Light group revealed dis- 
rupted circadian rhythm on the corticosterone profile (when 
all groups were compared together). These group differences 
were found mostly in the animals' light phase, at zeitgeber 
time (Zt) 0 [f(24) = -2.89, P = 0.008] and Zt 6 [f(25) = 3.22, 
P = 0.004] which correspond to the animal's resting period 
(Figure 5). Morphological analysis in the DG revealed a decreased 
dendrite length in granule neurons of animals exposed to 
CMS [P(2, 45) = 3.8, P = 0.03]; this difference again was only 
significant in the CMS-Light group (CMS-Light/CON: P = 
0.026; CMS-Dark/CON: 0.99; CMS-Light/CMS-Dark: P = 0.3) 
(Figure 6A). This observation was confirmed by the ShoU and 
spine density analysis of the same neurons; with the ShoU data 



45) 



4.36, P = 0.02] indicating a decrease in the number of 



intersections with significant group difference between the CMS- 
Light and other groups (CMS-Light/CON: P = 0.025; CMS- 
Dark/CON: 0.99; CMS-Light/CMS-Dark: P = 0.58) (Figure 6B). 

Exposure to CMS led to a reduction in the overall spine num- 
ber [P(2, 28) = 5.59, P = 0.009] in the hippocampal dentate gyrus 
(Figure 6C). This decrease was observed only in the animals 
that were stressed in their resting period (CMS-Light/CON: P = 
0.01; CMS-Dark/CON: 0.99; CMS-Light/CMS-Dark: P = 0.57). 
More specifically, a statistically significant decrease was found 
in two spine types, namely: mushroom spines [P(2, 26) = 5.47, 
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FIGURE 3 I Emotional behavior in rats exposed to CIVIS in different 
diurnal phases. (A) Preference changes of sucrose consumption in the 
Sucrose preference test (SPT). ' indicates a significant difference between 
the CMS-Light and CON. There were no significant differences between 
the CMS-Dark and the two other groups. (B) Forced swimming test (FST). 
Immobility time during the test period. (C) Elevated plus maze (EPM). 
Percentage of time spent in the open arms (D-E) Open field test (OF). 
(D) Percentage of the distance traveled in the center and (E) Total distance 
traveled in the OF apparatus. Controls, n = 20, each CMS group, n = 14; 
*P < 0.05; *'P < 0.01. Data presented as mean ± s.e.m. 



P = 0.01; CMS-Light/CON: P = 0.01; CMS-Dark/CON: 0.99; 
CMS-Light/CMS-Dark: P= 0.69], and thick spines [f(2, 28) = 
4.55, P = 0.02; CMS-Light/CON: P = 0.017; CMS-Dark/CON: 
0.44; CMS-Light/CMS-Dark: P = 0.53]. This difference was not 
observed in thin lF^2, 28) = 2.85, P = 0.075] and ramified spines 



2, 28) 



1.2, P = 0.317] (Figure 6D). 



DISCUSSION 

This study shows that the effect of exposure to CMS depends on 
the phase of the diurnal cycle in which the CMS procedure is 
applied. Depressive and anxiety-related behaviors and memory 
impairments only occur when rats are exposed to CMS during 
their daily period of rest (light phase). Similarly, CMS during the 
inactive, but not active, day period leads to body weight loss, 
altered corticosterone secretory profiles, and reduced dendritic 
arborization and number of mature (thick, ramified, and mush- 
room) spines in the granule cells of the hippocampus. These 
findings clearly show that rats can cope with CMS during their 
active period. Results are relevant when considering that most 
studies reported in the literature use animal models in which 
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Stress is induced during the resting phase. In addition, these 
observations should be taken into consideration when studies on 
animal models of CMS serve as basis to infer on the consequences 
of human exposure to stress. 

Delayed body weight gain (in younger subjects) and weight 
loss are well known consequences of chronic stress (Barr and 
Phillips, 1998; Bielajew et al, 2002; Konkle et al, 2003). In the 
present study, CMS during the daily resting (light) period caused 
significant loss of body mass; the same treatment during the 
dark phase of the diurnal cycle resulted in only minor fluctua- 
tions in body mass. Results are in accordance with those reported 
by Gronli et al. (2005), which is one of the few laboratories, to 
our best knowledge, that has performed CMS in the dark phase 
of the light cycle. Previous studies have shown that disruption 
during the resting phase interferes with the pattern of food inges- 
tion and metabolism (Nagano et al, 2003; Salgado-delgado et al., 
2008, 2011), suggesting disruption of the circadian regulation of 
feeding and metabolism. Interestingly, glucocorticoid secretion 
normally follows a tight circadian rhythm, with peak secretion 
occurring just at the onset of the daily period of darkness when 
rodents show high levels of locomotor activity and feeding. Here 
we found the rhythmic secretion of corticosterone to be markedly 
altered in rats that had experienced CMS during their inactiv- 
ity period (light phase). Specifically, the corticosterone profile 
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FIGURE 5 I Diurnal rhythm of corticosterone secretion in rats exposed 
to CMS in different phases of the day light-darl< cycle. Serum 
corticosterone levels during 24 h post CMS, measured every 6h. Controls, 
n = 20, each CMS group, n = 14; **P < 0.01 . Data presented as mean ± 
s.e.m. ** indicate significant differences between the CMS-Light and the 
CON group. 



of these animals showed a sluggish rise as the nocturnal period 
approached, and the zenith of secretion was shifted to the mid- 
dle of the dark period of the day cycle. At the same time, these 
animals showed higher blood levels of corticosterone at the begin- 
ning of the daily period of light. In other words, CMS applied 
during the animals' inactivity period resulted in a blunted and 
phase-shifted corticosterone rhythm. These results largely con- 
cur with those previously reported (Bielajew et al., 2002; Konkle 
et al, 2003; Ushijima et al., 2006). Interestingly, similar disrup- 
tion of the daily glucocorticoid rhythm is also seen in a large 
sub-group of patients suffering from major depression (larcho 
et al., 2013). It has been shown that the inability to mount an 
appropriate response to stress makes individuals more vulnera- 
ble to stressors (Zimmermann and Critchlow, 1967); therefore, 
it is likely that this disrupted profile is critical for explaining the 
deleterious effects of stress during the resting phase of the ani- 
mals' diurnal cycle. Indeed, there is evidence that the lack of 
synchrony of the internal clock, in association to altered gluco- 
corticoid levels, might play a role in the development of emotional 
disturbances, namely depression (Salgado-delgado et al., 2011), a 
finding that we observed exclusively in animals exposed to CMS 
during the light phase of the day cycle. However, we should con- 
sider that the present study has only assessed behavior during 
the resting phase of rodents. Future studies should evaluate the 
impact of the time of testing in the behavioral phenotype of stress 
rodents. 

Learned helplessness and anhedonia, two characteristics of 
depressive illness, can be induced by CMS in animals (D'Aquila 
et al, 1994; Elizalde et al, 2008; Bessa et al, 2009a,b). These 
behaviors can be assessed in the SPT and FST, respectively; 
however, these have not always been consistently reproduced 
(Konkle et al., 2003). The time of the day may contribute to such 
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FIGURE 6 I IVIorphometric analysis of dendritic arborizations in the 
hippocampal dentate gyrus. (A) Total dendritic length. (B) Shell 
analysis-derived distribution of dendrites. (C) Total number of spines. (D) 
Total number of different types of spines. Controls, n = 20, each CMS 
group, n = 14; "P < 0.05. **P < 0.01 . *P < 0.05. Data presented as 
mean ± s.e.m. * and ** indicate significant differences between the 
CMS-Light and the CON group. * indicates a significant difference between 
the CMS-Light and the CMS-Dark group. 



discrepancies, particularly as the present study showed that only 
animals exposed to CMS in their resting period displayed signs 
of depressive-like behavior. A previous study (based on chronic 
restraint stress) also noted the importance of the diurnal phase in 
which the stress is applied in determining responses in the SPT 
and FST (Huynh et al., 2011), which is in accordance with the 
present findings. We used the OF test to address measures of anx- 
iety. Gronii et al. (2005), who performed CMS exposure in dark 
phases, failed to find signs of increased anxiety, similar to our cur- 
rent observations; yet, on this parameter the study of restraint 
stress in rats observed the opposite effect (Huynh et al., 2011). 

The effects of CMS on learning and memory in rodents are 
controversial. For example, while CMS-induced impairments in 
learning have been reported (Song et al, 2006; Elizalde et al, 
2008), we failed to observe deficits in spatial reference learning 
and memory after this treatment (Bessa et al, 2009b; present 
study). On the other hand, as reported herein, significant cogni- 
tive impairments were detectable by the probe test in rats exposed 
to CMS solely during the daily period of light. 

Finding anatomical correlates of behavioral changes may help 
to understand the mechanisms underlying the response to stress. 
Bessa et al. (2009a) showed that stress induces dendritic atro- 
phy (length, branch number and spine numbers) in hippocampal 
granule neurons, an area implicated in spatial learning and mem- 
ory, as we also show here in animals exposed to CMS during the 
daily period of inactivity (light). This reduction in the dendritic 
arbor and in the number of spines, particularly mature spines, is 
likely to translate into synaptic signaling decrease (Kennedy et al.. 
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2005), and in impairments in hippocampal-based learning and 
cognition abilities (Bliss and CoUingridge, 1993). Moreover, since 
the hippocampus exerts inhibitory control over the HPA axis, we 
suggest that these structural changes might also translate into 
reduced inhibitory input to the hypothalamus, thus contribut- 
ing to the marked CMS-induced disruption of the corticosterone 
secretory profile. 

The experiments reported here help clarify discrepancies in 
the literature regarding the robustness of the CMS paradigm for 
the induction of depressive- and anxiety-like behaviors in rats. 
Briefly, our results show that CMS is only effective when applied 
during the daily period of the diurnal cycle when animals are 
inactive, primarily sleeping. CMS administered during the daily 
period of activity does not trigger depressive- or anxiety-like 
behaviors and may lead to the false presumption that the method 
is invalid or that animals are resilient to the deleterious effects of 
stress. 

ACKNOWLEDGMENTS 

Shilan Aslani and Mazen R. Harb were supported by EU Marie 
Curie Initial Training Fellowships from the NINA Project. Part of 
this work was supported by the Life and Health Sciences Research 
Institute (ICVS) and by FEDER funds through Operational pro- 
gram for competitivity factors — COMPETE and by national 
funds through FCT — Foundation for Science and Technology to 
project "PTDC/SAU-NSC/1 11814/2009." 

REFERENCES 

Bartlang, M. S., Neumann, I. D., Slattery, D. A., Uschold-Sclimidt, N., Kraus, D., 
Helfrich-Forster, C, et al. (2012). Time matters: pathological effects of repeated 
psychosocial stress during the active, but not inactive, phase of male mice. 
;. Endocrinol 215, 425-437. doi: 10.1530/IOE-12-0267 

Barr, A. M., and Phillips, A. G. (1998). Chronic mild stress has no effect on respond- 
ing by rats for sucrose under a progressive ratio schedule. Physiol. Behav. 64, 
591-597. doi: 10.1016/50031-9384(98)00060-2 

Bekris, S., Antoniou, K., Daskas, S., and Papadopoulou-Daifoti, 2. (2005). 
Behavioral and neurochemical effects induced by chronic mild stress 
applied to tv\^o different rat strains. Behav. Brain. Res. 161, 45-59. doi: 
10.1016/j.bbr.2005.01.005 

Bessa, ]. M., Ferreira, D., Melo, I., Marques, F., Cerqueira, ]. 1., Palha, J. A., et al. 
(2009a). The mood-improving actions of antidepressants do not depend on 
neurogenesis but are associated with neuronal remodelling. Mol. Psychiatry 14, 
764-773. doi: 10.1038/mp.2008.119 

Bessa, 1. M., Mesquita, A. R., Oliveira, M., Pego, 1. M., Cerqueira, 1. 1., Palha, 1. 
A., et al. (2009b). A trans-dimensional approach to the behavioral aspects of 
Depression. Front. Behav. Neurosci. 3, 1-7. doi: 10.3389/neuro.08.001.2009 

Bielajew, C, Konkle, A. T. M., and MeraU, Z. (2002). The effects of chronic mild 
stress on male Sprague-Dawley and Long evans rats. Behav. Brain Res. 136, 
583-592. doi: 10.1016/S0166-4328(02)00222-X 

Bliss, T. v., and CoUingridge, G. L. (1993). A synaptic model of memory: long- 
term potentiation in the hippocampus. Nature 361, 31-39. doi: 10.1038/ 
361031a0 

Cerqueira, J. I., MaiUiet, F, Almeida, O. F X., lay, T. M., and Sousa, N. (2007a). The 

prefrontal cortex as a key target of the maladaptive response to stress. /. Neurosci. 

27, 2781-2787. doi: 10.1523/1NFUROSCI.4372-06.2007 
Cerqueira, J. 1., Taipa, R., Uylings, H. B. M., Almeida, O. F. X., and Sousa, N. 

(2007b). Specific configuration of dendritic degeneration in pyramidal neurons 

of the medial prefrontal cortex induced by differing corticosteroid regimens. 

Cereb. Cortex 17, 1998-2006. doi: 10.1093/cercor/bhll08 
D'Aquila, P. S., Brain, P., and Willner, P. (1994). Effects of chronic mild stress on 

performance in behavioral tests relevant to anxiety and depression. Physiol. 

Behav 56, 861-867. doi: 10.1016/0031-9384(94)90316-6 
Ehzalde, N., GU-Bea, F J., Ramirez, M. J., Aisa, B., Lasheras, B., Del Rio, J., 

et al. (2008). Long lasting behavioral effects and recognition memory deficit 



induced by chronic mild stress in mice: effect of antidepressant treatment. 
Psycho pharmacology 199, 1-14. doi: 10.1007/s00213-007-1035-l 
Elizalde, N., Garcia-Garcia, A. L., Totterdell, S., Gendive, N., Venzala, E., Ramirez, 
M. J., et al. (2010). Sustained stress-induced changes in mice as a model for 
chronic depression. Psychopharmacology 210, 393-406. doi: 10.1007/s00213- 
010-1835-6 

Gibb, R., and Kolb, B. (1998). A method for vibratome sectioning of Golgi-Cox 
stained whole rat brain. /. Neurosci. Methods 79, 1-4. doi: 10.1016/S0165- 
0270(97)00163-5 

Glaser, E. M., and Van der Loos, H. (1981). Analysis of thick brain sections by 
obverse-reverse computer microscopy: application of a nev\^, high clarity Golgi- 
Nissl stain.;. Neurosci. Methods 4, 1 17-125. doi: 10.1016/0165-0270(81)90045-5 

Gouirand, A. M., and Matuszewich, L. (2005). The effects of chronic unpre- 
dictable stress on male rats in the water maze. Physiol. Behav. 86, 21-31. doi: 
10.1016/j.physbeh.2005.06.027 

Gronli, Murison, R., Fiske, E., Bjorvatn, B., S0rensen, E., Portas, C. M., et al. 
(2005). Effects of chronic mild stress on sexual behavior, locomotor activity and 
consumption of sucrose and saccharine solutions. Physiol. Behav. 84, 571-577. 
doi: 10.1016/j.physbeh.2005.02.007 

Huynh, T. N., Krigbaum, A. M., Hanna, f. and Conrad, C. D. (2011). Sex 
differences and phase of light cycle modify chronic stress effects on anx- 
iety and depressive-like behavior. Behav. Brain Res. 222, 212-21222. doi: 
10.1016/j.bbr.2011.03.038 

larcho, M. R., Slavich, G. M., Tylova-Stein, H., Wolkowitz, O. M., and Burke, H. M. 
(2013). Dysregulated diurnal Cortisol pattern is associated with glucocorticoid 
resistance in women with major depressive disorder. Biol. Psychol. 93, 150-158. 
doi: 10.1016/j.biopsycho.2013.01.018 

Kendler, K. S., Thornton, L. M., and Gardner, C. O. (2001). Genetic risk, 
number of previous depressive episodes, and stressful life events in pre- 
dicting onset of major depression. Am. J. Psychiatry 158, 582-586. doi: 
10.1176/appi.ajp.l58.4.582 

Kennedy, M. B., Beale, H. C, Carhsle, H. J., and Washburn, L. R. (2005). 
Integration of biochemical signalling in spines. Nat. Rev. Neurosci. 6, 423-434. 
doi: 10.1038/nrnl685 

Konkle, A. T. M., Baker, S. L., Kentner, A. C, Barbagallo, L. S., Merali, Z., and 
Bielajew, C. (2003). Evaluation of the effects of chronic mild stressors on 
hedonic and physiological responses: sex and strain compared. Brain Res. 992, 
227-238. doi: 10.1016/j.brainres.2003.08.047 

Morris, R. (1984). Developments of a water-maze procedure for studying spa- 
tial learning in the rat. /. Neurosci. Methods 11, 47- 60. doi: 10.1016/0165- 
0270(84)90007-4 

Nagano, M., Adachi, A., Nakahama, K. I., Nakamura, T, Tamada, M., Meyer- 
Bernstein, E., et al. (2003). An abrupt shift in the day/night cycle causes 
desynchrony in the mammalian circadian center. /. Neurosci. 23, 6141-6151. 

Patchev, V. K., and Patchev, A. V. (2006). Experimental models of stress. Dialogues 
Clin. Neurosci. 8, 417-432. 

Perez-Cruz, C, Simon, M., Flugge, G., Fuchs, E., and Czeh, B. (2009). Diurnal 
rhythm and stress regulate dendritic architecture and spine density of pyrami- 
dal neurons in the rat infralimbic cortex. Behav. Brain Res. 205, 406-413. doi: 
10.1016/j.bbr.2009.07.021 

Porsolt, R. D., Berlin, A., and Jalfre, M. (1978). "Behavioral despair" in rats and 
mice: strain differences and the effects of imipramine. Eur. J. Pharmacol. 51, 
291-294. doi: 10.1016/0014-2999(78)90414-4 

Rybkin, I. L, Zhou, Y., Volaufova, J., Smagin, G. N., Ryan, D. H., and Harris, R. B. 
(1997). Effect of restraint stress on food intake and body weight is determined 
by time of day Am. J. Physiol. 273, 1612-1622. 

Salgado-delgado, M., Angeles-castellanos, M., Buijs, R., and Escobar, C. (2008). 
internal desynchronization in a model of night-work by forced activity in rats. 
Neuroscience 154, 922-931. doi: 10.1016/j.neuroscience.2008.03.066 

Salgado-delgado, R., Osorio, A. T., Saderi, N., and Escobar, C. (2011). Disruption 
of circadian rhythms: a crucial factor in the etiology of depression. Depress. Res. 
Treat. 2011:839743. doi: 10.1155/2011/839743 

Song, L., Che, W., Min-Wei, W., Murakami, Y., and Matsumoto, K. (2006). 
Impairment of the spatial learning and memory induced by learned helpless- 
ness and chronic mild stress. Pharmacol. Biochem. Behav. 83, 186-193. doi: 
10.1016/j.pbb.2006.01.004 

Ushijima, K., Morikawa, T, To, H., Higuchi, S., and Ohdo, S. (2006). 
Chronobiological disturbances with hyperthermia and hypercortisolism 
induced by chronic mild stress in rats. Behav. Brain Res. 173, 326-330. doi: 
10.1016/j.bbr.2006.06.038 



Frontiers in Behavioral Neuroscience 



www.frontiersin.org 



March 2014 | Volume 8 | Article 82 | 7 



Aslani et al. 



Diurnal phase influence on CMS 



Willner, P., Muscat, R., and Papp, M. (1992). Chronic mild stress-induced anhedo- 

nia: a realistic animal model of depression. Neurosci. Biobehav. Rev. 16, 525-534. 

doi: 10.1016/50149-7634(05)80194-0 
Willner, P. (2005). Chronic mild stress (CMS) revisited: consistency and behavioral- 

neurobiological concordance in the effects of CMS. Neuropsychobiology 52, 

90-110. doi: 10.1159/000087097 
Zimmermann, E., and Critchlow, V. (1967). Effects of diurnal variation in plasma 

corticosterone levels on adrenocortical response to stress. Proc. Soc. Exp. Biol. 

Med. 125, 658-663. doi: 10.3181/00379727-125-32172 

Conflict of Interest Statement: The authors declare that the research was con- 
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest. 



Received: 15 November 2013; accepted: 24 February 2014; published online: 14 March 
2014. 

Citation: Aslani S, Harb MR, Costa PS, Almeida OFX, Sousa N and Palha JA (2014) 
Day and night: diurnal phase influences the response to chronic mild stress. Front. 
Behav Neurosci. 8:82. doi: 10.3389/fnbeh.2014.00082 
This article was submitted to the journal Frontiers in Behavioral Neuroscience. 
Copyright © 2014 Aslani, Harb, (Ai<ta, Almeida, Sousa and Palha. This is an 
open-access article distributed under the term^ of the Creative Commons Attribution 
License (CCBY). The use, distribution or reproduction in other forums is permit- 
ted, provided the original author(s) or licensor are credited and that the original 
publication in this journal is cited, in accordance with accepted academic prac- 
tice. No use, distribution or reproduction is permitted which does not comply with 
these terms. 



Frontiers in Behavioral Neuroscience 



www.frontiersin.org 



March 2014 | Volume 8 | Article 82 | 8 



